Experimental results on the current-voltage characteristics of polydiacetylene (PDA) single crystals reported by Aleshin et al [Phys. Rev. Vol. B 69, (2004) art. 214203] are reinterpreted in terms of the phonon-assisted electron tunnelling model. It is shown that the experimental results, measured in the temperature range from 1.8 K to 300 K are consistent with the tunnelling rate dependence on field strength, computed for the same range of temperatures. An advantage of this model over that of Aleshin et al, using the variable range hopping (VRH) model, is the possibility of describing the behaviour of I − V data measured at both high and low temperatures with the same set of parameters characterizing this material. This assertion is confirmed by comparison of the temperature-dependent current-voltage data extracted from Aleshin et al's work with tunnelling rate dependence on temperature, computed using two different expressions of the phonon-assisted tunnelling theory. The temperature dependence of the conductivity of an ion implanted PDA crystals [B. S. Elman et al, Appl.
Introduction
Electronic transport properties of conducted polymers have attracted much attention of researchers throughout the world (see, e.g. [1] ). Despite the great deal of publication in this domain, the conduction mechanism in polymers is not fully understood. Most researchers seem to agree that it is appropriate to describe a charge transport in disordered organic solids as hopping between isolated conducting island, or variable range hopping (VRH) between electronic localized states. As the thermal energy k B T decreases with temperature, there are fewer nearby states with accessible energies. This leads to the following expression of conductivity temperature dependence obtained by Mott [2] :
where n is the dimension of the system and T 0 is the characteristic temperature (fitting parameter). For hopping in three dimensions (3D, n= 3), the exponent has the value p = 1 / 4 , for 2D hopping p = 1/3 and for 1D hopping p = 1/2. The pre-factor is temperature dependent, but this temperature dependence is often neglected compared to the stronger temperature dependence of the exponential term. Recent experimental data on the temperature-dependent conductivity of organic materials are often explained in the framework of the VRH model [1] . Recently Aleshin et al [3] have presented the results of charge-carriers transport studies in polydiacetylene (PDA) single crystals, within a wide interval of temperatures and electric fields. The results indicated an obvious temperature dependence of the I −V characteristics at the temperatures over 10 K. As the electric field increases, the temperaturedependence of the current becomes less pronounced. At relatively high temperatures the current is found to vary as I(E, T ) = I 0 exp(−E A /k B T ), when the activation energy of electron hopping E A decreases from 12 meV down to 5 meV with the field strength E increasing. In the Ohmic regime the temperature dependence of the resistivity ρ(T )was explained on the basis of the hopping conduction model with a crossover at T < 50 K from activated ρ( At high electric fields the low temperature current was temperature independent and the authors of Ref. [3] explained this current behaviour in terms of "activation-free phonon-emissionassisted hopping conduction". In another work Aleshin et al [4] suggested that at low temperature the charge transport in PDA thin films is mainly supported due to a charge injection and tunnelling from the metallic banks. Thus, the temperature and field dependent conduction in PDA crystals has been described by different models involving many parameters, some of which (E A , L, m, p) was suggested to be dependent on temperature or field.
In the present work, we reinterpret the experimental data measured in a wide range of temperatures from [3] in terms of a phonon-assisted electron tunnelling model. We argue that the temperature dependence of the conductivity in PDA crystals [3] as well as in DCH-PDA crystals measured by Elman et al [5] can be well described in terms of phononassisted tunnelling, as the charge carriers delocalization process. The temperature-dependent tunnelling process has been also used for explanation of the temperaturedependent of I − V characteristics in some polymers [6] [7] [8] .
Theory and a comparison with experimental data
We assume that a source of charge carriers is the local electronic states in the polymerelectrode interface layer, the electrons from which emerged to the conduction band of the PDA crystal due to the phonon-assisted tunnelling. If electrons released from these centres dominate the current through the crystal I will be proportional to the electron released rate W and the density of the traps N, i.e. I ∼ NW. For the calculation of tunnelling rate with participation of phonons we operate with the phonon-assisted theory constructed in the effective mass approximation supposing that the impurity level originate from a local potential proportional to the Dirac δ function. Assuming that the shape of absorption band of impurity can be approximated by a Gauss function, the tunnelling rate dependence on field and temperature W (E, T )is given by [9] :
Here Γ 2 = 8a(hω) 2 (2n + 1) is the width of the center absorption band,
, wherehω is the phonon energy, ε T is the energy depth of the center, e is the electron charge, and a is the electron-phonon interaction constant (a = Γ 2 0 /8(hω) 2 ).This relatively simple expression was proved to be valid to describe not only the temperature-dependent current-voltage data in inorganic materials [10] , but also in the case of π-conjugated organic conducting polymers [6] [7] [8] . Consequently, we will use this equation to explain the peculiarities of temperature-dependent current in polydiacetylene single crystals. The calculation was carried out using electron effective mass of 0.63 m e [11] , and for the ε T the activation energy was taken as 12 meV (estimated in [3] ). The temperature dependence of the current is very sensitive to phonon energy. Upon comparison, the value of 2 meV for the phonon energy is seen to be more suitable. As in PDA it has been shown that the existence of a number of low energy optical modes are down to 15 cm −1 [12] , thus the selected value of phonon energy 2 meV, is very reasonable. The electronphonon coupling constant a was chosen so as to get the best fit of the experimental data with the calculated behaviour, on the assumption that the field strength for tunnelling is proportional to the square root of the applied voltage. The fit of the experimental data extracted from Fig. 6 in [3] , with the theoretical W 1 (T ) versus 1/T behaviour calculated at different field strengths is shown in Fig. 1 . As seen from Fig. 1 The dashed lines show the W 2 (T ) dependences calculated for Huang-Rhys factor S = 0.5, the other parameters being the same as for W 1 (T ).
We assumed that the source of electrons, taking part in the current flow are the centers located in the metal-crystal interface layer. In the case of direct current these centers, we consider, are continuously filled from the electrode. The filling process is believed to be very fast because the barrier thickness to be tunnelled is of the order of atomic size. The metal-centre tunnelling rate of the order of 10 15 s −1 reported in [13] is many orders of magnitude higher than the rate of phonon-assisted tunnelling from the centers. We want to note that the similar temperature-dependent tunnelling rate is also given by other phonon-assisted tunnelling theories. To confirm this assertion, in Fig. 1 the comparison of experimental data with W 2 (T ) dependences computed using the theory developed by Makram-Ebeid and Lannoo [14] is also shown. The phonon-assisted tun-nelling rate of electrons from the impurity centre within the Condon approximation is described by [14] :
where
We (ε T ) = 2eE Here p o = ε T /(hω),hω is the phonon energy, I P is the modified Bessel function and S is the Huang-Rhys coupling constant.
The quantity W 2 (E, T ) calculated using Eq. (4) is shown in Fig. 1 by dashed curves. It is seen that the theoretical tunnelling rate behaviour reflects the experimental data well.
The validity of the phonon-assisted tunnelling model for describing the experimental data presented in [3] can also be confirmed by the comparison of the I versus E characteristic in the temperature range from 1.8 K to 100 K with the theoretical expression for W 1 (E, T ), computed using the expressions (2). From Fig. 2 one can see that the theoretical W 1 (E) curves agree with the experimental I(E) behaviour. However, at temperatures lower than 20 K, the theoretical W 1 (E) curves are less pronounced and deviation from experimental data is evident. This circumstance can be caused by the factor that at lower temperatures the phonons of lesser energy may be more effective. Indeed, the comparison of the experimental data with the theoretical W 1 (E) behaviour computed for the phonon energy of 1 meV provides a good fit to the experimental data with the tunnelling theory.
Resistivity measurements of poly-[1.6-bis (N-carbazolyl)-2.4 hexadiyne] (DCH) polydiacetylene arsenic ion implanted crystals in the temperature range of 20 K < T < 290 K carried out by Elman et al [5] yielded the functional form Eq. (1), with a temperaturedependent exponential factor 1/2 < p < 1, where p ≈ 1 at high (T > 190 K) temperatures, p ≈ 0.75 in the intermediate temperature range (80 K < T < 190 K) and p ≈ 1/2 at low (T < 80 K) temperatures. The authors of Ref. [5] assigned the temperature behaviour of resistivity in the high temperature region to hopping of carriers between localized states to the nearest neighbour and one-dimensional variable range hopping at low temperatures. The fit of these data with our presented tunnelling model performed in Fig. 3 shows that the tunnelling rate W 1 (T ) in all temperature ranges, describes these data well. Fig. 4 . We want to note that the authors of Ref. [15] describe the conductivity of PPY-NSA by the three -dimensional VRH model, while in the case of PPY(NSA)-PMMA, one dimensional VRH type of conduction is considered. These conductivity dependences on temperature, as shown in Fig. 4 Thus, the phonon-assisted model explains the peculiarities of temperature dependence of conductivity in both polymers.
Conclusion
The phonon-assisted theories can explain the peculiarities of temperature-and field-dependent current observed in PDA crystals, such as a weaker temperature dependence of current at higher field strengths, non-dependence of current on temperature in the low temperatures region, and the nonlinear behaviour of current-field dependence at high fields. An advantage of this model over those of the cited articles using the VRH model is the ability to describe the behaviour of I − E data measured at both high and low temperatures with the same set of parameters characterizing the material, such as the effective mass, the phonon energy, as well as the electron-phonon coupling constant.
